Standard pattern-reversal visual evoked potentials (VEPs) and motion-onset VEPs (M-VEPs) were tested in 19 dyslexics and 19 normal readers aged 7-13 years in order to evaluate the feasibility of M-VEPs for the objective diagnostics of a visual subtype of dyslexia, in which a dysfunction of the magnocellular subsystem/dorsal stream of the visual pathway is suspected. The set of VEPs consisted of the pattern-reversal VEPs with check sizes of 20', two types of translational motion (with low and high contrast) and two types of radial motion (in the full field or the periphery). While the P100 peak parameters in pattern-reversal VEPs did not differ between the group of dyslexics and controls, the group of dyslexics displayed significantly longer N2 latencies in all types of M-VEPs. Abnormal N2 latencies were found in 35-56% of dyslexics in different types of M-VEPs, with translational motion with high contrast being the most sensitive stimulation. A receiver operating characteristic analysis showed that the latencies of M-VEPs displayed higher discrimination potential than M-VEPs amplitudes. The study confirms a ''magnocellular pathway/dorsal stream deficit'' in approximately half of dyslexics.
Introduction
The etiology of dyslexia (impairment of reading skills despite normal intelligence, social environment, visual acuity and motivation) has not been definitively established, but it is quite clear that dyslexia has a multifactorial origin (Menghini et al., 2010) . In some dyslexics, a ''visual magnocellular deficit'' is hypothesized. Nevertheless, it has not been determined whether the problem is based on a deficit of the ''upper level'' of the visual information processing -the dorsal stream of the visual pathway (Skottun, 2000) . The background for the visual magnocellular deficit theory (originally known as the transient system deficit theory) of dyslexia was initially postulated by Breitmeyer and Ganz (1976) , who described an interaction between transient and sustained systems and suggested that the week transient system in dyslexics fails to prevent the retention of an image elicited during one fixation into that of the next fixation. The Breitmeyer & Ganz hypothesis was later criticized (Ross, Burr, & Morrone, 1996) , and a new explanation of the relationship between the magnocellular system deficit and dyslexia was formulated by Stein (2001) .
During these almost 40 years, several different methods have been used to prove or discard the magnocellular deficit theory in dyslexics, such as histological methods (Livingstone et al., 1991) , fMRI (Demb, Boynton, & Heeger, 1998; Eden et al., 1996; Olulade, Napoliello, & Eden, 2013) , various psychophysical methods including the critical fusion test (Martin & Lovegrove, 1987; McLean et al., 2011) , visual coherent motion detection (Cornelissen et al., 1995; Talcott et al., 2000) , and especially contrast sensitivity; for a detailed review and criticism, see Skottun (2000) .
Another approach represents the use of electrophysiological methods, particularly visual evoked potentials (VEPs). Several VEP studies reported a magnocellular deficit in dyslexics when using pattern-reversal stimuli modified to target the magnocellular system and/or the dorsal stream of the visual pathway (M-D pathway) by means of a lower spatial frequency and lower contrast applications (Brannan et al., 1998; Livingstone et al., 1991; Romani et al., 2001; Vaegan & Hollows, 2006) . On the contrary, some other studies failed to confirm a magnocellular deficit in this way (Brecelj, Strucl, & Raic, 1996; Sayeur et al., 2013; Victor et al., 1993) . Nevertheless, the use of the pattern-reversal for the selective activation (testing) of the magnocellular system need not be fully appropriate (Kubova et al., 1995) , and the analysis of motion-onset VEPs (M-VEPs) to test the M-D pathway in dyslexics may be more specific and precise (Kubova, 2006 Robust M-VEPs with low variability can be acquired in adults when motion stimuli are optimized for M-D pathway activation (Heinrich, 2007; Kuba & Kubova, 1992; Kuba et al., 2007) , however, the interpretation of the variable M-VEP recordings in children is often difficult. One reason is that the M-VEPs display very long maturation times, which continues up to the age of 18 years (Langrova et al., 2006) . During this maturation, the shape of M-VEPs changes and the latencies of the dominant N2 gradually shorten (Langrova et al., 2006) . Moreover, the relevant N2 peak in VEPs to standard stimulus parameters is frequently unidentifiable in children. In a recently published paper (Kubova et al., 2014) , we reported that in a group of 30 normal children between 7 and 12 years of age, the N2 peaks for translational motion, full field radial motion, and radial motion in the periphery of the visual field could not be identified in 27%, 17%, and 53% of individuals, respectively. Furthermore, the N2 peak latencies in children display very high inter-individual variability (Kubova et al., 2014) . The large inter-individual variability can be explained by a non-uniform speed of M-VEP maturation among subjects, which might complicate the use of M-VEPs for inter-individual assessment in children. At the time of our first publication on this topic we were not fully aware of the long maturation and high variability of M-VEPs in children; therefore, to confirm that the examination of M-VEPs in dyslexic children is useful despite the high variability of M-VEPs, we repeated our former study in dyslexia (Kubova et al., 1996) . In addition, we also extended the set of testing motion stimuli according to our new results concerning their optimization for M-D pathway activation.
Subjects and methods

Subjects
We examined 19 dyslexics (13 boys and 6 girls) aged 7-13 years (mean age, 9.7 years) and 19 normal readers (10 boys and 9 girls) in the age between 7 and 12 years (mean age, 9.3 years). The subjects' exclusion criteria were any neuro-ophthalmological disorders.
Dyslexia was diagnosed in all children in the dyslexic group by psychological-pedagogical centers (without any differentiation of dyslexia to etiological or cognitive subtypes). The main criterion used for the diagnosis of dyslexia was a difference of at least 20 points between IQ (measured by Wechsler Intelligence Scale for Children (WISC-III) and RQ (reading quotient, the number of correctly read words in 1 min). Detailed information about the diagnosis, general IQ and RQ of the individual subjects (except for one subject in whom IQ and RQ could not be obtained) is provided in Table. 1.
All tested children were clients of the ABC Music Center, where they underwent a reading re-education via the ''Sfumato'' method (confluent reading method introduced in the Czech Republic by Dr. Maria Navratilova) after our VEP examination. This method has been used successfully for several years, but it is not yet published in any international journal. To date, no dyslexic children have undergone VEP re-examination after reading re-education by the Sfumato method, which was reported to be at least partially successful in all dyslexics. The control group consisted of very well reading pupils from several elementary schools. Visual acuity (VA) was in the range of 4/4 to 4/6 in all children.
The study was approved by the Ethical Committee of the Faculty of Medicine in Hradec Kralove, and all experiments were conducted in accordance with the Declaration of Helsinki. An informed consent was obtained for experimentation with human subjects from the parents of all children.
Methods
Stimulations for VEP acquisition
All visual stimuli were generated (using VSG 2.5; CRS Ltd., UK) on a 21'' Iyama monitor (Japan) with a vertical frequency of 105 Hz. The stimulus field subtended 37 Â 28°in a viewing distance of 0.5 m, and the average luminance was 17 cd/m 2 . For the acquisition of the M-VEPs, we used the same stimuli as for a routine examination of adult patients in our laboratory (https://web.lfhk.cuni.cz/elf):
(a) translating (unidirectional linear) motion (TM) of isolated checks (40' check size and 120' check-to-check distances). The pattern moved pseudo-randomly in one of four fundamental directions at a velocity of 10 deg/s. For a regular pattern (e.g., a checkerboard), the temporal frequency (the product of the velocity and spatial frequency of the pattern) should be kept below about 6 Hz (Kuba & Kubova, 1992; Kuba et al., 2007) to minimize the ''contamination'' of the motion-onset VEPs with the pattern-offset dependent positive peak. However, the velocity is not as critical for irregular patterns (e.g., isolated checks), because in this case, a higher velocity does not lead to a significant blur effect and yields larger amplitudes (Kuba & Kubova, 1992) . We used two variants of this stimulus: one with low (10%) Michelson luminance contrast (TMLC), and another with high contrast (96%) (TMHC). We do not examine adults with the TMHC, because it is not optimal for the testing of M-D pathway responses, however, high contrast seems to improve the motion-onset VEPs (larger amplitudes and shorter latencies) in some children (Kubova et al., 2014) . This additional high contrast stimulation was used in all dyslexics, but only in 12 controls (the remaining 7 children were still examined before the introduction of this stimulus). The mean age of the controls that underwent this type of examination was 9.3 years (the same as the age of the whole control group).
(b) radial (expansion/contraction) motion (RM) -randomly performed centrifugal or centripetal motion (''expansion/contraction motion -ExCoM'') of low luminance contrast (10%) concentric circles with sinusoidal luminance modulation. The spatial frequency of the structure decreased, and the motion velocity increased from the center (fixation point) toward the periphery, respecting the size of the retinal receptive fields and the sensitivity to motion velocity across the retina (Kremlacek et al., 2004) . In this stimulus, the temporal frequency is 5 Hz in all parts of the visual field. This stimulus was presented in two variants -the ''full field'' stimulus (RMFF), and the ''peripheral'' stimulus, in which the central 20°w ere masked (RMP). The peripheral stimulus was used because our previous experiments (unpublished data) suggested that peripheral stimuli had the slowest maturation of the M-D pathway in children.
The timing for all motion stimuli was consistent; 200 ms of motion was followed by a 1 s inter-stimulus interval, during which the stationary pattern was presented, to prevent adaptation to motion. A significant reduction in M-VEP amplitudes due to adaptation was reported by Muller et al. (2004) , Muller and Greenlee (1994) and Hoffmann, Dorn, and Bach (1999) , so it is necessary to keep the proportion between the motion and the stationary phase (known as a the duty cycle, where duty cycle % = time of motion/total cycle time Â 100) below 20% to achieve a dominant non reduced N2 motion-specific peak in M-VEPs (Bach & Ullrich, 1994) .
To prevent possible doubts concerning the signal quality of our VEP recordings and our subjects' co-operation (because of the high variability of M-VEPs observed in children), we also recorded standard full field pattern-reversal VEPs to a 20' check size checkerboard (R20) with the same average stimulus luminance as in motion stimuli (17 cd/m 2 ) and a temporal frequency of two reversals per second. The 20' check size was selected because it is close to the ICEV standard (Odom et al., 2010) . We do not follow the standard exactly (it recommends the check size of 15') because the 20' check size has been used in our electrophysiological laboratory for more than 30 years. At luminance of 17 cd/m 2 this layout provides VEPs with large amplitudes (not significantly dependent on small changes in visual acuity) and the shortest latencies of P100.
Recordings
The electrophysiological examination was performed in a Faraday cage to decrease the electromagnetic noise (in addition to the filtering of the recorded signals described below). All VEPs were recorded twice, and the recording with the larger N2 peak amplitude was selected for evaluation.
The signal was amplified 20,000 times (Contact Precision Instruments -PSYLAB, System 5, UK) and filtered to include frequencies ranging from 0.3 to 45 Hz (À3 dB; high pass filter attenuation of 6 dB/octave and low pass filter attenuation of 12 dB/octave).
The subjects were stimulated monocularly. We examined the eye with the better VA or the dominant eye when identical VAs Fig. 1 . The ROC characteristics for the latencies (left) and amplitudes (right) of the VEP parameters. All latencies of the N2 peak in M-VEPs show a strong discriminating power between dyslexic children and controls. The largest area under the curve (expressed as a percentage of the maximal discrimination power) was for the N2 peak latencies for high-contrast translational motion -TMHCL (86.1%, 95% confidence interval 72.05-100%) and the N2 peak latencies to radial motion in the full field -ExCoMFF (85.9%, 95% confidence interval 72.4-99.5%). For the P100 peak latency to the pattern-reversal -R20, the area did not exceed 50%. In general, the amplitudes do not discriminate dyslexics and controls well.
were recorded in both eyes. We stimulated one eye only because all our norms for VEP parameters were obtained monocularly and because the examination of only one eye decreased the time required for the procedure, which was important, especially in children who tend to become tired and inattentive quickly. To prevent eye movements following the movement of the pattern, the subjects were instructed to fixate on a red cross in the center of the screen. Correct fixation of the stimulus field center was monitored via an infrared CCD camera. Suspect recordings were repeated, and those with problems were discarded off-line. The recordings included pseudo-unipolar derivations (with a right ear lobe reference) from the midline O Z , P Z , C Z and F Z and also from O L and O R (5 cm to the left and right from the O Z position). The lateral recording sites were used because the motion-onset specific peak (N2) of M-VEPs is usually lateralized (irrespective of the handedness of the subjects) toward the temporal-occipital cortex (Göpfert, Schlykowa, & Müller, 1988; Hollants-Gilhuijs et al., 2000; Lefebvre et al., 2009) . Because the topography of the M-VEPs differs between subjects, an ''optimal derivation'' was selected in each subject for evaluation, representing the derivation with largest amplitude of the N2 peak. Although the ''optimal derivation'' is the same for all kinds of motion stimuli in the majority of subjects, different kinds of motions can have different location of maximum response in some cases; in particular, differences can be found between translation motion (arising in the MT area) and radial motion (arising in the MST area). Such a situation was detected in two dyslexics and four control subjects.
In all VEPs, 40 single responses were averaged in 440 ms epochs with a sampling frequency of 500 Hz. The low number of trials used for averaging was selected intentionally because a distinct attenuation of the M-VEPs was observed during a longer motion stimulus presentation, even when the motion direction adaptation was limited. Such a nonspecific adaptation causes a strong drop in M-VEP amplitudes (by approximately 40%) during the first 20 s of each VEP recording. A further 30% of the response fades during a 25-min session . To keep the amplitudes of the M-VEPs readable, it is desirable to make the recording session reasonably short.
In the M-VEPs, we were interested in the motion-specific N2 peak latencies and amplitudes, the decisive parameters in M-VEPs clinical applications.
Statistical analysis
The data were statistically processed using Statistica version 12.0 (Dell Software International Ltd., Cork, Ireland). The Shapiro-Wilk W-test was used to determine that the electrophysiological data had a non-normal distribution, and percentiles and medians were used for descriptive purposes. The Mann-Whitney U test for independent samples was used to examine the differences between the groups. The differences between groups were considered to be significant when the probability level (p) was below 0.05. In multiple comparisons, the Holm-Bonferroni adjustment was adopted (Holm, 1979) . To compare the power of the pursued parameters to classify dyslexic children from controls, we performed a ROC (receiver operating characteristic) analysis (Robin et al., 2011) . Table 2 shows the descriptive statistics (median, minimum and maximum) for both dyslexics and controls and the results of statistical evaluation (Mann Whitney U test). In both groups of children, there is a rather large inter-individual variability of latencies of the main N2 peak of M-VEPs. The variables that are significant (p < 0.05) are in bold. The valid number of subjects included in the statistical evaluation differs in individual types of VEPs because it was not possible to identify the relevant peaks reliably in all subjects (for details, see Figs. 3 and 4) . There was no difference between the groups with respect to pattern-reversal VEPs parameters; however, dyslexics displayed highly significant prolongation of N2 peak latencies in all types of M-VEPs. The amplitudes of the N2 peaks in VEPs to all low-contrast motion stimuli (TMLC, RMFF and RMP) were significant p < 0.05, but after Holm-Bonferroni correction for multiple comparisons, only the N2 peak amplitudes in TMLC VEPs remained significantly reduced in dyslexics.
Results
To compare the power of the analyzed parameters to classify the dyslexic children from the controls, we performed a ROC (receiver operating characteristic) analysis (Robin et al., 2011) . The latencies of the M-VEPs showed a greater discrimination potential, expressed as the area under the ROC curve (AUC) in the interval of 78.4-86.1%, than the amplitudes (60.3-78.4%) and both parameters of VEPs to R20. We did not find any statistical difference between the AUC values of the corresponding latency and amplitude parameter ROCs using a bootstrap test. The same test showed that the AUCs of the R20' latency ROC were significantly smaller than the motion latency ROCs, except for the RMP. There were no differences between the AUCs of the motion and R20' amplitude ROCs. The ROC characteristics are shown separately for latencies and amplitudes in Fig. 1 . Table 3 shows selected parameters of the ROC analysis. The listed thresholds were determined as the point of maximal sensitivity and specificity (Youden, 1950) .
Figs. 2-4 show all individual VEPs for all tested stimulations. In pattern-reversal VEPs, we did not find any abnormal P100 peak latency in the control or dyslexic subjects. To estimate the abnormal latencies of N2 peaks in M-VEPs, we used just one norm (instead of an age-dependent norm) for all tested children because in this rather narrow age span there was no significant correlation between N2 peak latency and age in the control group. Because the data did not have a normal distribution, it was not possible to use the norm calculated as Mean + 2.5 SD, and we therefore defined abnormal latencies as those that exceeded the maximum achieved in the controls. Abnormal latencies were found in 38%, 53%, 56%, and 35% of dyslexics to TMLC, TMHC, RMFF, and RMP, respectively. Two children from the dyslexic group displayed abnormal latencies in all four types of M-VEPs, two children in three types of M-VEPs, 7 children in two types of M-VEPs and three children had abnormal latency in only 1 type of M-VEPs. Fig. 3 . shows all individual VEPs to low and high contrast translational motion in both control and dyslexic subjects. The curves are arranged according to the latencies of the main N2 peak, and the latency values in milliseconds are depicted on the right side of curves. The curves with question marks are those in which we could not estimate the relevant N2 peak reliably. Abnormal N2 peak latencies (higher than the maximum latency value in controls) were found in the subjects designated in bold. The italic numbers below the latency values represent the percentage of abnormal latencies taken from all identifiable VEPs.
To find out whether the measured VEP parameters depend on severity of dyslexia we divided the dyslexic group to those with RQ < 70 (n = 9) and to those with RQ P 70 (n = 9). MannWhitney U test did not reveal any statistically significant difference between these two groups in any of the evaluated parameters. The RQ intervals provided by psychological-pedagogical centers were converted to representative values in order to calculate Spearman correlation coefficient (for RQ < 70 we used 68, for 71-75 and 76-80 we used 73 and 78, respectively). Also in this test there was no significant correlation found between RQ and VEP parameters. No correlation was found also in the subgroup of subjects with the prolonged VEP latencies.
Discussion
M-VEPs are poorly studied in dyslexics outside of our laboratory; Schulte-Körne et al. used either the translational motion of sine-wave gratings (Schulte-Körne et al., 2004a) or coherently moving dots (Schulte-Körne et al., 2004b) to elicit M-VEPs and evaluated positive peaks in their motion-related VEPs (P100 and P200 in M-VEPs to translational motion and P500 to coherently moving dots). In both papers, an attenuation of positive peaks was observed in dyslexics, which the authors also interpret as a dysfunction of the magnocellular pathway. Jednorog et al. (2011) used coherently versus non-coherently moving dots for M-VEP acquisition, but, in contrast to Schulte-Körne et al. (2004b) , these authors estimated the parameters of negative peak N2. Their study revealed a greater amplitude of the N2 peak for coherent motion than random motion in normal readers but not in dyslexics, and so the N2 component in dyslexics is not modulated by the type of motion (random vs. coherent), which may be considered a sign of a rather subtle M-D pathway deficit in dyslexics.
The results of all these studies cannot be directly compared with results of studies from our laboratory (Kuba et al., 2001; Kubova et al., 1996; Szanyi, Kuba, & Kremlacek, 1999) because the previous studies either used different methods or evaluated different M-VEP peaks. All our studies (including this one) are unanimous in finding abnormal N2 peak latencies in dyslexics compared to normal readers, but the percentage of the abnormal findings differs from study to study. This is not surprising, because dyslexia has a multifactorial origin, and only some dyslexic children suffer from an M-D pathway deficit (Borsting et al., 1996; Gori et al., 2014) . Unfortunately, we do not have information on which subtype of dyslexia our children have. Nevertheless, the correlation between the M-VEP results and particular types of dyslexia would be very interesting, and we plan to address this issue in the future.
The studies from our laboratory also differ in the motion stimulation used for M-VEP acquisition. Our first study (Kubova et al., 1996) used a low contrast checkerboard moving with a velocity of 10 deg/s, and the next two studies (Kuba et al., 2001; Szanyi Fig. 4 . shows all individual VEPs to radial motion presented in the full field and in the periphery of the visual field (with the central 20°masked) in both control and dyslexic subjects. The curves are arranged according to the latencies of the main N2 peak, and the latency values in ms are depicted on the right side of the curves. The curves with question marks are those in which we could not estimate the relevant N2 peak reliably. Abnormal N2 peak latencies (higher than the maximum latency value in the controls) were observed in the subjects designated in bold. The italic numbers below the latency values represent the percentage of abnormal latencies taken from all identifiable VEPs. et al., 1999) used a low contrast translational and full-field radial motion with the same parameters as in this submitted paper. However, this time we added two more stimuli -high contrast translational motion and radial motion with the central 20°m asked. A high-contrast stimulus (a non-optimal ''magno'' stimulus) was used because it significantly shortens M-VEP latencies and enlarges amplitudes in the majority of children (Kubova et al., 2014) -this finding seems to confirm the immaturity of the motion perception system that normally reacts to very low levels of contrast (Kubova et al., 1995) . In Fig. 3 , it can be seen that the TMHC also yields better M-VEPs than TMLC in dyslexics. In contrast, including RMP did not provide any new diagnostic information (all children with abnormal N2 peak latencies in VEPs to RMP had also abnormal N2 peak latencies in VEPs either to TMLC or to RMFF). RMP, which yields robust VEPs in adults, does not seem to be very suitable for VEP acquisition in children, because the relevant N2 peaks in RMP M-VEPs are often unidentifiable and display abnormally high inter-individual variability in healthy children (Kubova et al., 2014) .
Based on the percentage of abnormal findings in individual types of VEPs, the highest detection rate of abnormal N2 peak latencies was in RMFF, followed by TMHC and TMLC; the lowest detection rate was in RMP. ROC analysis showed that the N2 peak latencies in all M-VEPs were better for discriminating between controls and dyslexics than N2 peak amplitudes and P100 latencies or the amplitudes of R20 VEPs.
The observed inter-individual variability in the M-VEP latencies in controls is in full agreement with our previous study (Kubova et al., 2014) and can be explained by a non-uniform speed of M-VEP maturation between subjects. Of course, this rather complicates the clinical use of M-VEPs for inter-individual assessment in children because it is difficult to estimate whether a delay in the N2 peak in a new child patient with a neuro-ophthalmological problem results from a disease or from a prolonged maturation. Nevertheless, despite this high variability, we succeeded in showing in this study that a substantial number of dyslexics have M-VEP latencies that are longer than the longest ones in controls.
The missing correlation between the VEP parameters and severity of dyslexia (according to RQ) could be explained by missing particular RQ values (only intervals were provided), the known M-VEP latencies variability and the multifactorial etiology of dyslexia.
Certainly, the information that a particular child exhibits an M-D pathway deficit would be especially valuable if there was a specific therapy for this type of dyslexia. Such a possibility could represent Irlen's method, which uses tinted glasses (Irlen, 1991) or colored overlays (Wilkins, Nimmo-Smith, & Jansons, 1992) to improve reading in dyslexics. Tinted glasses or colored overlays decrease the contrast of the text, which is believed to support the activity of the transient (magnocellular) system and weaken the activity of the sustained (parvocellular) system. This approach may partially compensate the M-D pathway deficit in dyslexics (Williams, Lecluyse, & Rock-Fauchneux, 1992) . Several studies confirmed the objective usefulness of colored filters (Wilkins & Lewis, 1999; Williams, Lecluyse, & Rock-Fauchneux, 1992) , while others did not (Menacker, 1993; Solan & Richman, 1990) . Thus it would be very useful to try Irlen's method just in those dyslexics who display the prolonged M-VEP latencies, and we plan to perform such a study in the near future.
We believe that our study confirms the hypothetical M-D pathway deficit in a subset of dyslexics and suggests that the examination of the M-VEPs in dyslexics may help in clinical practice.
